The cylindrical chaperonin GroEL and its lid-shaped cofactor GroES of Escherichia coli have an essential role in assisting protein folding by transiently encapsulating non-native substrate in an ATP-regulated mechanism. It remains controversial whether the chaperonin system functions solely as an infinite dilution chamber, preventing off-pathway aggregation, or actively enhances folding kinetics by modulating the folding energy landscape. Here we developed single-molecule approaches to distinguish between passive and active chaperonin mechanisms. Using low protein concentrations (100 pM) to exclude aggregation, we measured the spontaneous and GroEL/ES-assisted folding of double-mutant maltose binding protein (DM-MBP) by single-pair fluorescence resonance energy transfer and fluorescence correlation spectroscopy. We find that GroEL/ES accelerates folding of DM-MBP up to 8-fold over the spontaneous folding rate. Accelerated folding is achieved by encapsulation of folding intermediate in the GroEL/ES cage, independent of repetitive cycles of protein binding and release from GroEL. Moreover, photoinduced electron transfer experiments provided direct physical evidence that the confining environment of the chaperonin restricts polypeptide chain dynamics. This effect is mediated by the net-negatively charged wall of the GroEL/ES cavity, as shown using the GroEL mutant EL(KKK2) in which the net-negative charge is removed. EL(KKK2)/ES functions as a passive cage in which folding occurs at the slow spontaneous rate. Taken together our findings suggest that protein encapsulation can accelerate folding by entropically destabilizing folding intermediates, in strong support of an active chaperonin Legend. The GroEL/ES-mediated folding of the model substrate protein DM-MBP is monitored by single-molecule FRET. Folding intermediate bound to GroEL shows a low FRET efficiency distribution. Upon refolding, DM-MBP converts to its compact native structure that exhibits a high FRET efficiency distribution.
Introduction
Chaperonins are large ATP-driven macromolecular machines composed of two rings of~60 kDa subunits stacked back to back. They have an essential role in assisting protein folding in bacteria, archaea and eukarya [1] [2] [3] [4] [5] [6] . Group I chaperonins occur in bacteria (GroEL), mitochondria (Hsp60) and chloroplasts (Cpn60). They consist of heptameric rings and functionally cooperate with lid-like cofactors (GroES in bacteria, Hsp10 in mitochondria and Cpn10/Cpn20 in chloroplasts) that function to transiently encapsulate non-native substrate protein in a cage-like compartment. Group II chaperonins in archaea and the cytosol of eukaryotic cells have rings of 8-9 subunits and employ a mechanism of opening and closing their central cavity that is in-built into the structure of the chaperonin ring.
The group I chaperonins GroEL and GroES of Escherichia coli have been investigated most widely and numerous biochemical and structural studies indicate that they function as a nano-compartment for single protein molecules to fold in isolation [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . However, whether protein encapsulation actively p r o m o t e s f o l d i n g r e m a i n s c o n t r o v e r s i a l [12, 17, 19, 22, [24] [25] [26] [27] .
Each subunit of GroEL is divided into apical, intermediate and equatorial domains [28] (Fig. 1a) . The apical domains form the ring opening and expose hydrophobic amino acid residues for the binding of molten globule-like folding intermediates [29] [30] [31] . ATP binding and hydrolysis in the equatorial domains results in conformational changes that are transduced to the apical domains via the hinge-like intermediate domains, regulating substrate affinity and GroES binding through an allosteric reaction cycle [4, 32] . In the current model, non-native protein substrate binds to the open ring (trans-ring) of an asymmetrical GroEL/ ES complex (Fig. 1b) (The corresponding video file for the animated Abstract can be found online at doi:10.1016/j.jmb.2014.04.018). Subsequent ATP binding causes apical domain movements that may result in stretching the bound polypeptide [18, [33] [34] [35] [36] , and at the same time, ADP and GroES dissociate from the opposite ring (Fig. 1b) . ATP binding is closely followed by GroES binding, resulting in the displacement of the bound substrate and its encapsulation in the newly formed GroEL/ES cage (cis-ring). Encapsulated protein (up to~60 kDa in size) is now free to fold unimpaired by aggregation in a cage with a hydrophilic, net-negatively charged wall (in cagefolding). The time allowed for folding is dependent on the rate of hydrolysis of the seven ATP in the cis-ring (~5-10 s at 25°C). After completion of ATP hydrolysis, ATP binding to the GroEL trans-ring causes dissociation of ADP and GroES (Fig. 1b) . Folded protein is released, while not-yet folded protein will be rapidly recaptured for possible stretching, encapsulation and folding. Symmetrical GroEL/ES complexes with GroES bound to both GroEL rings have also been observed, but their function in the reaction cycle is still under investigation [27, 37, 38] .
Three models have been proposed to explain how this basic chaperonin cycle promotes protein folding. The "passive cage" (also known as "Anfinsen cage") model suggests that GroEL/ES essentially provides an infinite dilution chamber [25, 39, 40] . The rate of spontaneous folding, when measured in the absence of reversible aggregation, is identical with the rate of folding inside the cage. The model implies that GroEL/ES-dependent proteins fold at a biologically relevant timescale as long as aggregation is prevented. In contrast, the "active cage" model states that, besides preventing aggregation, the physical environment of the cage also modulates the folding energy landscape, resulting in accelerated folding of certain proteins. This is attributed to an effect of steric confinement that limits the conformational space to be explored during folding [12, 17, 19, 22, [41] [42] [43] . The active cage model implies that cells contain a set of proteins with kinetically frustrated folding pathways that require folding catalysis to reach their native states at a biologically relevant speed. Finally, the "iterative annealing" model posits that the function of GroEL/ES is to unfold misfolded proteins through cycles of binding and release, with folding occurring either inside or outside the cage [27, 44] (out of cage-folding; Fig. 1b ). In this model, accelerated folding may result from the active unfolding of kinetically trapped species that can then partition between productive and unproductive folding trajectories. The transient encapsulation of substrate is thought to be a mere by-product of the unfolding reaction [27] .
In an effort to distinguish between these models, we developed novel approaches to investigate protein folding by GroEL/ES at single-molecule level. Using single-pair fluorescence resonance energy transfer (spFRET), dual-color fluorescence cross-correlation spectroscopy (dcFCCS) and photoinduced electron transfer (PET), we could exclude reversible aggregation as the cause of slow spontaneous folding and unequivocally distinguish between active and passive chaperonin mechanisms. We find that GroEL/ES accelerates the folding of a double-mutant maltose binding protein (DM-MBP) up to~8-fold relative to its spontaneous rate. Accelerated folding occurs upon a single round of encapsulation, as demonstrated using SREL, a single-ring variant of GroEL that results in stable protein encapsulation without GroES dissociation. Thus, multiple rounds of substrate binding and release as proposed by the iterative annealing model are not required for folding catalysis. Instead, accelerated folding is due to the physical confinement of non-native protein in the net-negatively charged GroEL/ES cage. Consistent with this mechanism, we demonstrate that, during the GroEL/ES reaction cycle, the substrate protein spends~82% of its time inside the chaperonin cage and only~18% in the GroEL-bound state, with negligible amounts of non--native protein being free in solution.
Results

Transient aggregation is not the cause of slow spontaneous folding
We used DM-MBP (~41 kDa), a double mutant of MBP, which has previously been used as a model substrate to compare the rates of spontaneous and GroEL/ES-assisted folding [17, 22, 45] . DM-MBP carries mutations V8G and Y283D that delay the rate-limiting folding step of the N-domain [46] (Fig. 2a) . As a result, the spontaneous refolding of DM-MBP is slow (t 1/2~3 5 min at 25°C and physiological salt concentration) but nevertheless fully efficient [17, 24] , with only largely unstructured intermediate and the native state being populated during folding [22] . The GroEL/ES-assisted folding of DM-MBP has a 6-to 10-fold faster rate. However, there is disagreement whether the observed rate acceleration is due to GroEL/ES actively modulating the folding energy landscape [17] or to GroEL/ES passively preventing reversible aggregation that would slow spontaneous folding [24, 26] .
To establish conditions of spontaneous refolding in which transient aggregation is excluded, we resorted to single-molecule fluorescence measurements. A single cysteine mutant of DM-MBP, DM-MBP(312C), was labeled with the fluorophore Atto532 or Atto647N and used in dual-color fluorescence cross-correlation (dcFCCS) experiments. The native, labeled proteins were mixed 1:1 at a final concentration of 50 pM each. The probability, at 100 pM, for two monomeric DM-MBP molecules to be simultaneously present in the observation volume (1 fL) is ≤ 1%. As expected, no cross-correlation signal was observed (Fig. 2b) . To investigate DM-MBP under refolding conditions, we denatured the differently labeled DM-MBP molecules in GuHCl as a 1:1 mixture and allowed them to refold upon dilution from denaturant at 100 pM final concentration. No cross-correlation signal was observed during refolding (Fig. 2b) . The sensitivity of the method was demonstrated using the double cysteine mutant DM-MBP(30C/312C) labeled with Atto532 and Atto647N [DM-MBP(DL)]. A strong cross-correlation signal was observed when 5 pM of the double-labeled protein, mimicking the presence of dimeric aggregates, was added to the 100 pM mixture of the single-labeled refolding proteins (Fig. 1b) . These measurements show clearly that, at 100 pM, the labeled DM-MBP(312C) proteins are monomeric during refolding and do not form oligomers.
Analysis by fluorescence correlation spectroscopy (FCS) further confirmed the absence of reversible aggregates by demonstrating that the number of Atto647N-labeled DM-MBP(312C) particles in the observation volume remained constant over the refolding time (Fig. 2c) . In contrast, if reversible aggregation was to limit the rate of spontaneous folding, the number of diffusing particles would be expected to increase as native monomeric protein is produced (Fig. 2c, simulated  broken curve) . Spontaneous and GroEL/ES-assisted folding measured at single-molecule level
Having established conditions of spontaneous refolding in the absence of aggregation, we next developed a spFRET approach to measure the rates of spontaneous and GroEL/ES-assisted refolding at single-molecule level. Specifically, we tested the prediction of the passive cage model that, under conditions equivalent to infinite dilution, no rate acceleration by chaperonin would be observed [24] . As shown previously, DM-MBP(DL) in its native state and the unfolded protein when bound to GroEL have different FRET efficiency (f E ) distributions in single-molecule spFRET measurements [18] . The native protein shows a distribution of compact conformations with a peak at a high f E of 0.72 (Fig. 3a) . In contrast, GroEL-bound DM-MBP(DL) has~40% molecules at a low f E of 0.06, consistent with a highly expanded conformation, with the remainder of molecules populating a broad distribution of less expanded states around an intermediate f E of 0.38 (Fig. 3b) . To obtain the kinetics of spontaneous folding, we took advantage of the ability of GroEL to bind folding intermediates, but not the native protein, thereby stopping refolding and reverting not-yet folded DM-MBP(DL) molecules to the low f E distribution (stretching; Fig. 1b) . Assisted folding in the presence of GroEL/ES and ATP was stopped by the addition of apyrase, resulting in rapid hydrolysis of ATP and ADP to AMP. Quantification of the low and high f E peak areas (f E of 0.06 and 0.72, respectively) at different times enabled us to extract protein folding rates at a concentration of 100 pM DM-MBP(DL) (Fig. 3c and d) . The rate of spontaneous refolding was~5.6-fold slower than the assisted rate (Fig. 3e) . To validate our findings, we measured the refolding rate of DM-MBP(DL) at a protein concentration of 100 nM. In these ensemble experiments we took advantage of the finding that, following initial collapse (with decrease in donor fluorescence due to FRET), the donor fluorescence of DM-MBP(DL) increases during folding, apparently due to changes in the chemical environment of the fluorophore. The observed rates were in good agreement with the single-molecule data and showed a~7.7-fold acceleration of folding by chaperonin (Fig. 3f) . Moreover, similar folding rates were previously measured for the unlabeled DM-MBP(30C/312C) by tryptophan fluorescence [18] .
As an alternative single-molecule approach to measure folding rates, we utilized the difference in diffusion coefficients (D) of GroEL bound (~49 μm 2 s − 1 ) and free DM-MBP (~160 μm 2 s − 1 ) by FCS (Fig. 4a) . We recorded the time-dependent change in the average diffusion rate during refolding of 100 pM DM-MBP(DL) using the Atto647N fluorescence signal (Fig. S1 ). Again, spontaneous folding was stopped by addition of excess GroEL and the assisted folding with apyrase. The folding rates obtained in these measurements (Fig. 4b ) were in agreement with those obtained by spFRET (Fig. 3e) .
The previously reported effect of chloride salt to slow the spontaneous refolding of DM-MBP [22, 26] was preserved under single-molecule conditions where aggregation is excluded (Fig. S2) . Consequently, chloride salt does not decelerate spontaneous refolding by increasing aggregation [26] but by modulating the intrinsic folding properties of DM-MBP [22] . The electrostatic environment of the GroEL/ES cage apparently renders DM-MBP refolding salt insensitive [22] .
PET-FCS as a measure of chain motion during folding
The active cage model of chaperonin action posits that encapsulation of non-native protein can reduce chain entropy, thereby accelerating folding kinetics [12, 17, 22] . Here we used fluorescence quenching via PET to test this hypothesis. In PET, the fluorescence of an oxazine dye (Atto655) is quenched via van der Waals contact with a Trp residue by direct transfer of an electron. Atto655 has the advantage of showing virtually no triplet blinking or other photophysical fluctuations [47, 48] and thus is well suited to assess conformationally induced fluctuations at fast timescales. MBP contains 8 Trp residues spaced throughout the sequence (Fig. 2a ) (note that GroEL and GroES do not contain Trp). The combination of PET with FCS serves as a powerful method to measure structural fluctuations in proteins at the single-molecule level on timescales from nanoseconds to milliseconds [48] . PET-FCS has been used to study denatured state dynamics and early events in protein folding [47] .
The auto-correlation signal of Atto655-labeled DM-MBP(312C) [DM-MBP(Atto655)] was measured 30 s after dilution from denaturant, when essentially all DM-MBP populates a dynamic folding intermediate that converts only slowly to the native state [22] . The auto-correlation curve could not be fitted with a single component diffusion model due to the presence of a fast fluctuating component (Fig. 5a ). It was fitted by a one-exponential one-diffusion equation (Fig. 5b) , with the exponential term describing the PET amplitude F, which is proportional to the abundance of conformationally dynamic molecules, and the relaxation time (τ R ) providing a measure of chain motion (Fig. S3a) . Based on these measurements, the slow folding intermediate of DM-MBP(Atto655) shows fast fluctuations of the fluorescence signal at a τ R of 40 ± 3 μs, indicating high chain entropy. As a control, Atto655-labeled wild-type MBP(312C) showed no fast fluorescence fluctuation during folding (Fig. 5c ), as this rapidly folding protein (t 1/2~2 3 s) [17] does not significantly populate the dynamic intermediate in which the dye can approach Trp residues. Similarly, when DM-MBP(Atto655) was allowed to refold to completion, the fluorescence fluctuations at the short correlation times were no longer detected (Fig. 5d ). This is consistent with the fact that no Trp residue is in contact distance to residue 312 in the native state. (Fig. S3b) . This would be expected if refolding is limited by a kinetic energy barrier with a large entropic component. The rate of decrease in amplitude F was accelerated~4-fold during GroEL/ES-assisted refolding (Fig. 5e) , consistent with the chaperonin system reducing the entropic component of the energy barrier. In contrast, a constant high PET-FCS signal was observed when the labeled protein was diluted into buffer containing 0.5 M GuHCl, which stabilizes DM-MBP in its dynamic intermediate state [22] (Fig. 5e) . The rate of spontaneous refolding of DM-MBP(Atto655) measured by PET-FCS was concentration independent over a concentration range of 4 orders of magnitude (100 pM to 1 μM) (Fig. S3c) , further excluding aggregation as the cause of slow spontaneous refolding.
Evidence for conformational confinement in the GroEL/ES cage
While the amplitude of the PET-FCS signal is proportional to the concentration of dynamic particles, the τ R of the PET signal is indicative of the kinetics of chain motion. During the first minute of spontaneous refolding, the τ R of DM-MBP(Atto655) was 40 ± 3 μs, similar to the τ R measured for the kinetically trapped intermediate in 0.5 M GuHCl (34 ± 10 μs) (Fig. 5f ). Note that no τ R could be measured for the native protein (Fig. 5d) . The τ R of the GroEL-bound protein was 59 ± 10 μs, indicating that the interaction of the unfolded DM-MBP with the apical GroEL domains reduces chain dynamics (Fig. 5f) . Interestingly, the τ R during the first minute of GroEL/ES-assisted refolding (≤ 20% molecules folded) was increased to 96 ± 5 μs (Fig. 5f ), suggesting that the encapsulated protein is significantly restricted in chain motion, even when compared to the GroEL-bound state. To test this further, we measured chain mobility upon stable encapsulation of unfolded DM-MBP in the non-cycling SREL/ES complex (Fig. 5f ). SREL is a single-ring variant of Refolding was performed as in Fig. 3 and stopped either by adding GroEL (spontaneous refolding) or apyrase (assisted refolding), shifting not-yet folded DM-MBP to the slow diffusion time of the GroEL complex. Refolding is plotted as fraction of GroEL-bound protein and fitted to single exponential rates. ± SD from at least 3 independent measurements. GroEL that binds unfolded protein, ATP and GroES but ceases to hydrolyze ATP after a single round due to the absence of the allosteric signal from the GroEL trans-ring (see Fig. 1b ) [8] . The SREL/ES complex is salt sensitive [9, 49] , and thus, the experiments with SREL were performed in low salt buffer using urea-denatured DM-MBP(Atto655). Stable substrate encapsulation was confirmed by size-exclusion chromatography (Fig. S4) . Approximately 90-95% of DM-MBP co-fractionated with SREL/ES during folding, with the remainder eluting at a low molecular weight corresponding to free DM-MBP (Fig. S4a and  b) . Refolded DM-MBP was retained in the SREL/ES complex for more than 30 min (Fig. S4b, top panel) but was rapidly released when the SREL/ES complex was dissociated by addition of Mg chelator and high salt (Fig. S4b, bottom panel) . The τ R during the first minute of encapsulation in SREL/ES-assisted refolding was 99 ± 1 μs, identical with the value measured with the cycling GroEL/ES system under the same low (Fig. 5f) . Thus, the environment of the chaperonin cage causes a considerable reduction of chain entropy, presumably promoting the conversion of dynamic folding intermediate to the native state.
Substrate protein spends most of its time in the encapsulated state during folding
The finding that, during GroEL/ES cycling, the substrate protein is conformationally restricted to the same extent as upon stable encapsulation in SREL/ ES suggested that the vast majority of folding protein is in the encapsulated state. This would be consistent with recapture of non-native DM-MBP by GroEL occurring in less than 0.3 s at 25°C [22] . Indeed the diffusion time of DM-MBP(DL) measured during the first minute of folding with GroEL/ES/ATP was virtually identical with that of the GroEL-bound protein and well discriminated from the fast diffusion time of spontaneously refolding DM-MBP(DL) (Fig.  S5a) . To quantify the relative amounts of GroEL--bound and encapsulated DM-MBP during the GroEL/ES reaction, we used single-molecule spFRET. DM-MBP(DL) showed similar FRET efficiency distributions when bound to GroEL or SREL with~34-40% of molecules being in an expanded state (f E of 0.06 and 0.1, respectively) and the remainder populating a broad distribution around an intermediate f E of~0.4 ( Fig. 6a and b, left panels) . During the first minute of encapsulation in SREL/ES, essentially all DM-MBP(DL) molecules populated a broad range of collapsed states around an f E of 0.66 (Fig. 6b, right panel) . In contrast, during the first minute of the GroEL/ES reaction, a bimodal f E distribution was observed, with the low f E peak representing GroEL-bound molecules and the high f E population representing encapsulated and folded molecules (Fig. 6a, middle panel) . The fraction of folded molecules was~12%, as determined by addition of apyrase after 1 min to stop folding and revert the not-yet folded molecules to the bound state with low f E value (Fig. 6a, right panel) . Taking into consideration that the~12% of folded DM-MBP(DL) were no longer GroEL associated, we calculated that~18% of GroEL-associated molecules were bound and~82% were encapsulated. Thus, during the cycling GroEL/ ES reaction, the vast majority of substrate protein is in the encapsulated state during folding, in agreement with the PET-FCS measurements.
Next, we measured the duration of the GroEL/ES ATPase cycle as a function of substrate concentration. GroEL hydrolyzed ATP at a rate of~53 ATP min − 1 at 20°C and GroES reduced the rate to~21 ATP min − 1 [50] (Fig. S5b) . The presence of non-native substrate protein has been reported to stimulate the ATPase [29] by triggering ADP and GroES release from the GroEL trans-ring [38, 51, 52] . A single round of substrate binding and encapsulation occurs in the time it takes GroEL to hydrolyze 7 ATP (the hemi-cycle) in the presence of GroES and non-native substrate. Because spontaneous folding of DM-MBP is slow, we could measure the GroEL ATPase under conditions of substrate excess. At a concentration of 0.2 μM GroEL and 0.4 μM GroES, the initial ATPase rate reached a maximum of~59 ATP per GroEL 14-mer min − 1 at~0.8 μM denatured DM-MBP and remained constant at higher DM-MBP concentrations ( Fig. 6c and Fig. S4b) . Thus, the duration of the GroEL/ES hemi-cycle at substrate 2747 Mechanism of Chaperonin-Assisted Protein Folding (Fig. S3a) . FCS recording was started immediately upon initiation of refolding and was continued for 2 h. F was also analyzed upon dilution of denatured DM-MBP(Atto655) into buffer A containing 0.5 M GuHCl to stabilize the kinetically trapped intermediate (KTI). Time windows of 2 min for early time points and 10 min for late time points (GroEL/ES-assisted) or time windows of 10 min for early and late time points (spontaneous refolding and kinetically trapped intermediate) were correlated and fitted as in (b). Refolding rates were extracted by single exponential fits to plots of the amplitude of the exponential component F versus refolding time. Averages ± SD from at least 3 independent measurements are shown. (f) Conformational dynamics of DM-MBP is decreased inside the chaperonin cage. Relaxation time (τ R ) of the PET signal of DM-MBP(Atto655) upon 200-fold dilution from 6 M GuHCl into refolding buffer A (200 mM KCl) (spontaneous refolding; spont.) or into buffer A containing 0.5 M GuHCl to form KTI or into buffer A containing GroEL (2 μM) (GroEL-bound) or during the first minute of GroEL/ES-assisted refolding in buffer A. τ R was also analyzed during the first minute of GroEL/ES-and SREL/ES-assisted refolding of 10 M urea-denatured protein in buffer B (20 mM KCl). FCS auto-correlation curves were fitted to a one-diffusion one-exponential model and τ R values were extracted, which are inversely proportional to protein chain motion. Data represent averages ± SD from at least 3 independent measurements. saturation is~7 s at 20°C (Fig. 6c and d) . As measured by stopped-flow mixing, binding of denatured DM-MBP to GroEL is complete after~0.3 s and encapsulation upon addition of ATP and GroES is complete after~0.5 s [18] . This would mean that the substrate spends~1 s in the GroEL-bound state and~6 s in the GroEL/ES cage, corresponding tõ 14% and~86% of hemi-cycle duration, respectively, in good agreement with the fraction of bound (~18%) and encapsulated substrate (~82%) determined by spFRET mentioned above. The hemi-cycle duration in the presence of excess substrate at 37°C was~2.2 s (Fig. 6d) . Thus, the reaction has a Q 10 temperature coefficient of~2, consistent with classical Arrhenius behavior and suggesting that all steps of the GroEL/ES mechanism undergo similar temperature-dependent rate acceleration.
Role of the net-negative charged GroEL cis-cavity wall
The wall of the GroEL cis-cavity has a net charge of minus 42 resulting from a cluster of exposed negatively charged residues (Glu252, Asp253, Glu255, Asp359, Asp361 and Glu363) [17] . Most of these are highly conserved among GroEL homologs but have no apparent function in binding of substrate or GroES. We have previously reported that mutating three of these residues (Asp359, Asp361 and Glu363) in SREL to lysines [SR(KKK2)], converting the cavity net charge to 0, impairs the ability of SR(KKK2)/ES to fold DM-MBP and bacterial ribulose bisphosphate carboxylase/oxygenase (RuBisCO), but not mitochondrial rhodanese [17] . Both DM-MBP and RuBisCO experience a significant rate acceleration of folding with wild-type SREL/ES [12, 17] , while rhodanese does not, suggesting that the negative charges have a role in enhancing folding kinetics. Here we analyzed this possibility using the SR(KKK2) and EL(KKK2) mutants.
Under standard conditions of physiological salt concentration, GroEL/ES accelerated the spontaneous folding of DM-MBP(312C) by~4.5-fold. In contrast, no rate acceleration was observed with EL(KKK2)/ES (Fig. 7a) . Remarkably, EL(KKK2)/ES d i d n o t r e s t r i c t t h e c h a i n d y n a m i c s o f DM-MBP(Atto655) during folding as measured by PET-FCS, in striking contrast to GroEL/ES (Fig. 7a) . Notably, DM-MBP(DL) when bound to EL(KKK2) displayed the same conformational properties as when bound to GroEL, as demonstrated by spFRET measurements (Fig. S5c) . Moreover, during the first minute of folding with EL(KKK2)/ES/ATP, the diffusion time of DM-MBP(DL) was identical with that of the EL(KKK2)-bound protein (Fig. S5a) , indicating that essentially all substrate was chaperonin associated. The fraction of bound and encapsulated substrate analyzed from spFRET histograms was 16% and~84%, respectively, close to the values obtained with GroEL/ES (Fig. S4c and Fig. 6a) . The ATPase activity of EL(KKK2) was similar to that of GroEL and was inhibited by GroES. However, unlike GroEL, excess non-native DM-MBP had only a minor effect in stimulating the ATPase of EL(KKK2)/ ES (Fig. S5b) . These results suggested that the charge properties of the cis-cavity wall may have a dual role in entropically confining encapsulated substrate protein and in coupling the presence of substrate with the ATPase activity of GroEL.
To uncouple these two effects, we next used SR(KKK2) to analyze the chain dynamics of DM-MBP during folding when stably encapsulated. GroES-mediated substrate encapsulation by SR(KKK2) at low salt (Fig. S5d and e) was as efficient as with SREL (Fig. S4) . When bound to SR(KKK2), DM-MBP(DL) displayed similar conformational properties as when bound to GroEL or SREL (Fig. S5c and f) . During the first minute of encapsulation, DM-MBP(DL) populated compact conformations, as observed with SREL/ES (Fig.  S5f) . GroEL/ES and SREL/ES mediated the refolding of DM-MBP(312C) at essentially the same rate (measured at low salt) (Fig. 7b) , and folding by SR(KKK2)/ES was not accelerated beyond the spontaneous rate (Fig. 7b) . Interestingly, while the folding rates with GroEL/ES and SREL/ES are salt independent, the KKK2 mutant displays a similar salt dependence of folding rate as spontaneous renaturation (Fig. 7a and b and Fig. S2 ) [22] . Compared to high salt, the low salt condition resulted in reduced chain dynamics (slower τ R ) and~2-fold faster folding for the spontaneous renaturation (Fig. 7a and b) . Accordingly, in low salt, folding in SR(KKK2)/ES is 2-fold faster than in EL(KKK2)/ES at high salt ( Fig. 7a and b) . Importantly, DM-MBP(Atto655) when inside SR(KKK2)/ES nevertheless displayed significantly higher chain dynamics (τ R of 66 ± 4 μs) compared to SREL/ES (τ R of 99 ± 1 μs) (Fig. 7b) . Together these findings indicate that the net-negative charge of the cis-cavity plays a critical role in entropically confining dynamic folding intermediates of encapsulated substrate, thereby accelerating their conversion to the native state.
Discussion Active versus passive GroEL/ES function
It has been argued that accelerated folding of DM-MBP by GroEL/ES [17, 19, 22] is due to the ability of chaperonin to prevent reversible aggregation that would otherwise reduce the rate, but not the yield, of spontaneous folding [24, 26] . The basic assumption of this passive cage model is that GroEL/ES functions solely as an anti-aggregation device and that folding inside the GroEL/ES cage occurs at the same rate as it would during spontaneous folding at infinite dilution [25] . Here we have tested this idea by monitoring folding by single-molecule experiments at 100 pM DM-MBP. Since the probability of more than one molecule of DM-MBP residing in the confocal observation volume is ≤ 1% at this concentration, we were able to compare the rates of GroEL/ES-assisted folding and spontaneous folding at de facto infinite dilution. The absence of aggregation during spontaneous folding was confirmed by FCS and dcFCCS measurements. Using GroEL to sort non-native from native molecules, we showed by spFRET and FCS that GroEL/ES accelerates fluorescent-labeled DM-MBP refolding 4-to 8-fold, demonstrating the active chaperonin mechanism.
Active cage model versus iterative annealing
According to the iterative annealing model, substrate binding and release during ATP-dependent GroEL/ES cycling serve to unfold kinetically trapped folding intermediates, affording them a chance at productive folding either inside or outside the GroEL/ ES cage [27, 44] . Using SREL/ES, we demonstrated that a single round of encapsulation inside the chaperonin cage is sufficient to achieve accelerated DM-MBP folding at full yield. This argues for encapsulation being the active principle. However, an active cage may function synergistically with iterative annealing for certain substrates, for example, when a fraction of molecules were to form long-lived, misfolded states during assisted folding. We also note that the SREL experiments do not rule out the possible contribution of a single round of unfolding to subsequent accelerated folding inside the cage. A conformational expansion of substrate protein upon binding to GroEL and additional stretching upon ATP-mediated apical domain movement has been observed [18, 34, 35] (as well as this study) (Fig. 1b) . Furthermore, during GroES-mediated encapsulation, the protein is released in a step-wise fashion, with the less hydrophobic and thus less tightly bound, sequence elements dissociating before the more hydrophobic ones [18] . This mode of release would modulate the mechanism of hydrophobic collapse and may contribute to avoiding the formation of kinetically trapped folding intermediates.
The iterative annealing model assigns no specific function to the chaperonin cage in aggregation prevention or accelerating folding and accordingly suggests that folding may equally occur inside the GroEL/ES cage or outside [27] (Fig. 1b) . Out of cage-folding would require that not-yet folded protein spends significant time in free solution during GroEL/ ES cycling. This is inconsistent with our PET-FCS and spFRET measurements, which demonstrate that, in the cycling reaction, non-native DM-MBP spends~80% of the duration of the GroEL/ES hemi-cycle (7 ATP hydrolyzed;~7 s at 20°C) in the encapsulated state and the remainder bound to the apical GroEL domains. Considering that GroEL recaptures non-native DM-MBP from solution within 0.3 s or less (at 25°C) [18] , the fraction of out of cage folding would be insignificant (b 5%). Moreover, even vastly increasing the concentration of GroEL/ ES relative to substrate, as in our single-molecule experiments (100 pM DM-MBP, 2 μM GroEL/4 μM GroES), did not slow folding kinetics or yield, which can only be explained by in cage folding. It has also been argued that, at 37°C, the dwell time of substrate inside the GroEL/ES cage becomes too short for efficient folding [27] . We measured the duration of the GroEL/ES hemi-cycle under substrate saturation at 37°C to be 2.2 s. Making the reasonable assumption that all the steps of the GroEL/ES reaction undergo temperature-dependent acceleration, the vast majority of folding would nevertheless occur in cage. Indeed, authentic GroEL-dependent proteins are typically highly aggregation prone in a temperature-dependent manner [16, 53, 54] . Under so-called non-permissive conditions, where irreversible aggregation prohibits spontaneous folding, the GroEL/ES-assisted folding of these proteins stops immediately when rapid recapture of folding intermediate by GroEL is prevented [12] , indicating that folding must occur in cage.
Function of the GroEL/ES cage
Protein encapsulation by chaperonin has been proposed to serve a dual purpose: it prevents aggregation and accelerates folding for certain proteins, adjusting folding speed relative to the rate of protein synthesis and thereby preventing the accumulation of unfolded or misfolded protein molecules [12] . Rate enhancement of folding was attributed to an effect of steric confinement, entropically destabilizing dynamic folding intermediates and thereby facilitating their conversion to the native state [17, 19, 22] . Two physical properties of the GroEL/ES cage may be critical in this regard: the volume of the cage relative to the size of the folding p r o t e i n ( i . e . , s t e r i c c o n f i n e m e n t p r o p e r [17, 19, 41, 42, 55] ) and the negative net charge of the cavity wall [17, 19] that has been suggested to increase the hydrophobic effect by ordering water structure [56] . In the present study, we used PET-FCS to directly measure the effect of encapsulation on polypeptide chain dynamics. While binding of unfolded protein to GroEL restricts chain dynamics only moderately, we find that encapsulation results in a marked restriction of flexibility, as reflected in an increase of the τ R of the DM-MBP folding intermediate from 40 ± 3 μs during spontaneous refolding to 99 ± 1 μs when encapsulated. Notably, τ R of the folding intermediate was very similar when measured during active GroEL/ES cycling or upon stable encapsulation in SREL/ES. This provides direct evidence that, during folding, the protein spends the vast majority of the time in the encapsulated state. Contrary to a recent report [57] , our experiments with SREL/ES did not reveal a functionally significant "escape" of DM-MBP from the non-cycling SREL/ES cage.
Using EL(KKK2) or SR(KKK2), a mutant in which the negative net charge of the cavity wall of 42 is reduced to 0, we analyzed the effect of cavity charge on substrate chain dynamics by PET-FCS. Strikingly, these measurements showed that the KKK2 cage is unable to restrict the conformational motion of encapsulated protein relative to the folding intermediate in free solution. This correlates with a loss of function of the KKK2 mutant in accelerating DM-MBP folding. Thus, in essence, removal of the negative net charge converts the active GroEL/ES cage to a passive cage. Moreover, we found that the negatively charged residues exposed in the cis-cavity are required for the stimulation of the GroEL ATPase by substrate protein. It thus appears that the cage senses the encapsulated protein. In summary, we suggest that steric confinement and the negatively charged cavity wall function cooperatively in promoting folding.
Materials and Methods
Strains, plasmids and proteins
The E. coli strains DH5α and BL21 (DE3) Gold (Stratagene) were used for cloning and protein expression, respectively. DM-MBP (MBP V8G, Y283D) and its cysteine variants, DM-MBP(312C) and DM-MBP(30C/312C), were constructed in pCH vectors (T7 promoter) by site-directed mutagenesis using QuikChange (Stratagene) and were expressed, purified and labeled with fluorophore [17, 18] (see Supplementary Methods for details).
GroEL, GroES, SREL, EL(KKK2) and SR(KKK2) were expressed and purified as previously described [17, 19] . GroEL preparations were subjected to rigorous quality control by the following assays: ATPase activity in presence and absence of GroES [19] , rhodanese aggregation prevention [58] and DM-MBP refolding [17] . GroES preparations were controlled for efficient inhibition of GroEL ATPase activity and ability to accelerate DM-MBP refolding. In ensemble experiments (100 nM DM-MBP), folding was recorded by the time-dependent increase in the intrinsic Trp fluorescence (excitation: 295 nm; emission: 345 nm) of DM-MBP and its variants on a Fluorolog F3-22 spectrofluorometer (Horiba), equipped with Peletier thermostat set to 20°C (GroEL and GroES do not contain Trp) [17] . Photobleaching was carefully avoided by limiting the excitation slit width to 2 nm, with the emission slit width being set to 8 nm. Fluorescence signal was excited and emission was collected every 30 s for a 100-ms window using an automated shutter. Note that, at low concentrations of DM-MBP, bleaching of Trp fluorescence may result in measuring seemingly faster folding rates than at higher concentrations.
DM-MBP refolding
For DM-MBP(DL), refolding could not be measured by Trp fluorescence due to quenching. However, fluorescence of the donor dye in the folding intermediate was significantly lower than in the native state of DM-MBP(DL). The time-dependent increase in donor fluorescence was used as a measure of DM-MBP(DL) folding in ensemble measurements at 100 nM (excitation wavelength, 532 nm; emission wavelength, 550 nm).
Analysis of protein encapsulation
Encapsulation experiments were performed in buffer B. DM-MBP(Atto655) was unfolded in 10 M urea/10 mM DTT 
ATPase assay
The ATPase activity of 0.2 μM GroEL or EL(KKK2) was measured in buffer A at 20°C in the absence or in the presence of 0.4 μM GroES or 0.4 μM GroES with increasing concentration of denatured DM-MBP (diluted 200-fold from 6 M GuHCl). Control reactions received equivalent amounts of GuHCl (30 mM final). The hydrolysis of ATP to ADP was followed photometrically using an NADH coupled enzymatic assay (2 mM phosphoenolpyruvate, 30/20 U ml − 1 pyruvate kinase/lactate dehydrogenase, 0.5 mM NADH and 1 mM ATP) at 20°C in a spectrophotometer (Jasco) essentially as previously described [59] .
Single-molecule spectroscopy
Single-molecule spectroscopy was performed on a Microtime 200 inverse time-resolved fluorescence microscope (PicoQuant) using pulsed interleaved excitation [60] (see Supplementary Methods for details). The instrument was maintained at a constant temperature of 20°C. dcFCCS and FCS were used to investigate the oligomeric state of DM-MBP during refolding [18, 22] , while spFRET and FCS were used to assess folding rates of DM-MBP at 100 pM. The significant size difference of folded DM-MBP monomer (~41 kDa) and non-native DM-MBP in complex with GroEL (~830 kDa) results in different diffusion rates (106 ± 6 μm 2 s − 1 and 49 ± 1 μm 2 s − 1 , respectively) that can be monitored using FCS. The auto-correlation data were fitted with the following one triplet one-diffusion equation using the Symphotime software (PicoQuant):
The mean diffusion time τ D of particles through the focal spot is described by the structural parameter κ = z 0 /ω 0 where z 0 and ω 0 denote the axial and radial dimensions of the confocal volume, respectively. The amplitude of the correlation function is denoted by ρ. The first term is used to compensate for fast dynamics arising from dye photophysics such as triplet blinking with the amplitude T on the timescale τ T [61] . Diffusion coefficients were calculated using the following equation
by calibrating the confocal volume V eff with Atto655 dye, for which accurate diffusion parameters have been published [62] . To analyze refolding kinetics, we plotted the mean diffusion time, reflecting a shift of DM-MBP molecules from GroEL bound to free against the refolding time and fitted it with a single exponential rate.
PET-FCS was used as an approach to assess conformational dynamics of refolding DM-MBP molecules [47, 48] . DM-MBP(Atto655) (or Atto655-labeled wild-type MBP) was unfolded in 6 M GuHCl/10 mM DTT for 1 h at 20°C or 10 M urea/10 mM DTT for 1 h at 50°C. Refolding was started by 200-fold dilution of the protein (final 100 pM to 1 μM) into refolding buffer A or buffer B as indicated in the figure legends. FCS measurements were performed immediately. In order to resolve fast dynamics in the microsecond timescale, we recorded fluorescence on two detectors simultaneously. Cross-correlation of the signals allowed removal of detector after pulsing. The correlated data were fitted with either a single component diffusion model
or the following one-exponential one-diffusion equation, with the exponential term describing amplitude F and relaxation time τ R of PET
in Symphotime (PicoQuant). For relaxation time extraction, only the first or the last 30 s of a 2-h refolding experiment was considered. For folding rate extraction, the measurement was subdivided into 2 min time windows and extracted values for F were plotted against refolding time. These data were fitted with a single exponential function in Origin (OriginLabs) to give refolding rates.
